Old Dominion University

ODU Digital Commons
Biological Sciences Theses & Dissertations

Biological Sciences

Summer 2000

Effects of Elevated Atmospheric CO2 on Root
Growth, Turnover and Decomposition in a Scrub
Oak Ecosystem
John Joseph DiLustro
Old Dominion University

Follow this and additional works at: https://digitalcommons.odu.edu/biology_etds
Part of the Botany Commons, Ecology and Evolutionary Biology Commons, and the
Environmental Sciences Commons
Recommended Citation
DiLustro, John J.. "Effects of Elevated Atmospheric CO2 on Root Growth, Turnover and Decomposition in a Scrub Oak Ecosystem"
(2000). Doctor of Philosophy (PhD), dissertation, Biological Sciences, Old Dominion University, DOI: 10.25777/gn09-7w27
https://digitalcommons.odu.edu/biology_etds/55

This Dissertation is brought to you for free and open access by the Biological Sciences at ODU Digital Commons. It has been accepted for inclusion in
Biological Sciences Theses & Dissertations by an authorized administrator of ODU Digital Commons. For more information, please contact
digitalcommons@odu.edu.

EFFECTS OF ELEVATED ATMOSPHERIC C0 2 ON ROOT GROWTH,
TURNOVER AND DECOMPOSITION IN A SCRUB OAK ECOSYSTEM
by
John Joseph DiLustro
B.S. Biology, May 1992, Virginia Commonwealth University
M.S. Biology, December 1994, Old Dominion University
A Dissertation Submitted to the Faculty o f Old Dominion University

in Partial Fulfillment o f the Requirement for the Degree of
DOCTOR OF PHILOSOPHY
ECOLOGICAL SCIENCES
OLD DOMINION UNIVERSITY
August 2000

Approved by:

Frank P. Day (Director)^

Kneeland Nesius (Member)

iseph Rule (Member)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

ABSTRACT
EFFECTS OF ELEVATED ATMOSPHERIC C 0 2 ON ROOT GROWTH, TURNOVER
AND DECOMPOSITION IN A SCRUB OAK ECOSYSTEM
John Joseph DiLustro
Old Dominion University, 2000
Director: Dr. Frank P. Day

Atmospheric carbon dioxide levels are increasing and predicted to double this
century. The implications o f this rise on vegetation structure and function are not well
understood. Measurement o f root growth response to elevated atmospheric carbon
dioxide is critical to understanding soil carbon input I investigated the effects of
elevated carbon dioxide on fine root growth and decomposition using open top chambers
with both ambient and elevated (700 PPM) C 0 2 treatments in an oak-paimetto scrub
ecosystem at Kennedy Space Center, Florida. Minirhizotron tubes were installed in each
elevated and control chamber to allow observation o f roots. Each tube was sampled for
root length density (mm cm*2) every three months. Carbon dioxide enrichment o f the
chambers began May 15,1996. By December 1998 root length density (RLD) increased
to 19.1 mm cm*2 for the control chambers and 37.7 mm cm*2 for the enriched chambers in
the top 101-cm o f soil. Root distribution was unchanged under elevated carbon dioxide.
Fine root production increased with elevated carbon dioxide and mortality was unaffected
over 33 months. Root length elongation increased significantly over a one-month period
in June 1997. I also measured the effects o f elevated carbon dioxide on the
decomposition rates o f roots grown in ambient and elevated carbon dioxide. Fine root
decomposition rates were obtained from root Iitterbags incubated from December 1996 to
December 1998 and showed no significant treatment effect. Initial percent mass loss
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varied from. 103% to 13.5% after three months; 55.5% to 38.3% o f original mass had
been lost after 828 days. A period o f nitrogen immobilization occurred in both fine roots
and rhizomes in the elevated C 0 2 treatment, which is potentially a mechanism for
nitrogen conservation for this system in an elevated CO, world. Significant fine root
length-mass relationships were applied to minirhizotron measurements and a 180%
increases in root biomass was calculated at the end o f the study. The increased rates of
fine root growth coupled with no change in decomposition rate suggest a potential
increased rate o f carbon input into the soil.
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CHAPTER I
INTRODUCTION
It is well documented that the earth’s atmospheric CO2 concentration, is increasing
(Bazzaz 1990, Gates 1993, Wigley et al. 1996). Fossil fuel burning, deforestation, and
livestock grazing are primarily responsible for the increase (Amthor 1995). The
atmospheric concentration o f CO2 is expected to continue to rise and double sometime in
the middle to later part o f this century (Conway et al. 1988). The ramifications o f this
rapid rise o f atmospheric CO2 on ecosystem processes are unknown. This has prompted
researchers to examine the impact of this increase on vegetation and global carbon
cycling. The effects o f elevated atmospheric CO2 on terrestrial ecosystems have major
implications to agriculture and human welfare as well as to the long-term stability of
terrestrial and aquatic ecosystems. Since CO2 is both the major substrate for
photosynthesis and a greenhouse gas, global increase has the potential to affect
biogeochemical cycling and thus, global climate change (Schlesinger 1997).
The effects o f elevated CO2 on plant physiology, including stimulation of
photosynthesis and ecosystem gas exchange, have been well-documented (Bazzaz 1990,
Pitelka 1994, Murray 1995). A high concentration o f atmospheric CO2 decreases the
antagonistic effects o f O2 on CO2 uptake by rubisco. This results in greater
photosynthetic efficiency and thus increased photosynthetic rates (Curtis and Wang
1998). Greater photosynthesis usually results in greater total net primary production;
however, this effect is not universal (Cheng 1999, Pitelka 1994). The resulting increase
may not persist due to the possibility o f limitation by other factors. This acclimation

The model for this dissertation is Ecology.
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effect has not been well studied in natural ecosystems. Though most work has been
focused aboveground, DeLuca et al. (1999) and Lutze and Gifford (1998) have measured
enhanced belowground carbon sequestration in trees and grasses respectively under
elevated atmospheric CO2 conditions. Any increase in NPP is a potential carbon sink as
COz is shifted from the atmosphere to terrestrial carbon pools. The Terrestrial Ecosystem
Model proposed by Melillo et al. (1995) predicts an increase in global terrestrial carbon
storage o f 14% over estimated current levels for doubled atmospheric CO2 . Unknown
feedback loops may accelerate or buffer some of the elevated CO2 production increases
predicted by simple mathematical models. Dacey et al. (1993) demonstrated a potential
feedback mechanism in marsh vegetation grown under elevated atmospheric CO2 .
Although growth increased, methane production of the vegetation also increased by 80%.
Since the eventual fate of methane in the atmosphere is as additional CO2 , this may offset
the possible buffering ability of the increased biomass to serve as a CO2 sink in that
system.
Acclimation or downward regulation o f photosynthetic rates, stomatal
conductance, dark respiration, and water-use efficiency o f plants exposed to elevated CO2
levels is sometimes observed in long-term CO2 enrichment experiments. This decrease in
the enhancement of photosynthesis by elevated CO2 through time may occur and buffer
any expected growth increases (Amthor 1995). In the Alaskan tundra there was an initial
stimulation o f carbon uptake which was absent after three years (Oechel and Billings
1992).
Drake (1992) using open top chambers in a Maryland coastal marsh system noted
a species shift to C3 dominance. Other studies have demonstrated similar shifts in the
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composition o f mixed C3 and C4 communities under CO2 enrichment (Curtis et al. 1990,
Wray and Strain 1987). Increasing carbon dioxide concentrations will likely affect the
species composition and productivity o f arid and semiarid ecosystems through differing
carbon, nitrogen and water use efficiencies. This may affect the competitive balance
between C3 and C+ plants. Differences in species composition, production and
decomposition may alter carbon and nitrogen cycling within ecosystems and potentially
alter production on longer time scales within these ecosystems.
"MISSING CARBON"
Human activity is estimated to generate 7 billion metric tons o f CO2 a year. Yet
the atmospheric concentration o f CO2 only increases by about 3.4 billion tons a year,
leaving about 3.6 billion tons (1-2 Gt C y‘l) o f carbon unaccounted for in many global
carbon budgets (Schimel 1995). A major assumption o f current carbon cycle models is
that the Earth's carbon cycle was in a steady state before the industrial revolution. This
underestimates any carbon storage occurring naturally in undisturbed terrestrial
ecosystems if these systems were not in a steady state before the industrial revolution.
Anthropogenic carbon has only two possible sinks other than the atmosphere: terrestrial
ecosystems or the ocean. Some ocean CO2 models are assumed balanced except for the
loss o f CO2 into the sediments. For these models (Tans et al. 1990) the balance o f the
missing carbon must be in a terrestrial sink.
Until recently most global carbon cycle models were based on oceanographic data
and theory in an attempt to show the movement o f CO2 from the atmosphere to the ocean.
Holland (1996) stated "The oceans are almost certainly the major sink o f the missing
carbon." This view has been challenged recently with even the term "missing carbon"
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coming into question. Work by Tans et al. (1990) was among the first to target land as
the major sink for CO2 . Tans' model suggested that the carbon was in the Northern
Hemisphere since the interhemispheric winds are not strong enough to move a large
portion of it south o f the equator. He also noted CO2 pressure gradients between the
atmosphere and ocean are not large enough to cause large amounts o f CO2 to exit the
atmosphere tor the ocean. Tans’ model calculated that the ocean was taking up less than
I billion tons o f CO2 and the balance of 2 .6 billion tons of CO2 was taken up on land.
Jorge Sarmiento expanded on Tans’ model and calculated 2 billion tons o f CO2 a year in
the ocean. This left 1.6 billion tons of CO2 a year unaccounted. Sarmiento suggests
through his model that this carbon is mostly in wood; although, he believes some is in
soil (Sarmiento, personal communication). Other research differs from Sarmiento's
findings, including work by Ciais et al. (1995) which was based on carbon isotope ratios.
The oceans take up t3C and t2C in equal amounts and land plants preferentially take up
l2 C. This enables atmospheric CO2 to be tracked globally. Northern Iandmasses
(between 30° N and 60° N) were found to absorb twice the carbon o f oceans or about 3.5
billion tons o f carbon a year. Exactly where this carbon is has not been reported; Ciais et
al. (1995) suggested that regrowth o f cleared land and CO2 fertilization o f forests may be
responsible for this large sink. Some of the extra carbon is believed to be going into root
systems (Rogers et al. 1994).
An important consideration in dealing with global budgets is understanding the
very large variability o f some models and the dynamic state o f global ecosystems. Fisher
et al. (1994) examined an exotic African grass planted by South American ranchers
because o f the ability o f its large root mass to sequester water and nutrients. He
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compared root biomass o f the planted pastures to natural savanna grasslands o f the region
and found the planted pastures to contain 13 to 36% more carbon than the natural
grasslands. Using the experimental data and the amount o f South American rangeland
planted with the African grass, Fisher calculated 100 million to 500 million tons o f
carbon is being sequestered in the rangelands, a sizable amount o f the missing carbon.
Conversely, in North America, Christian and Wilson (1999) found an introduced Asian
grass sequestered less soil carbon than the native prairie grasses that it replaced. These
land use changes, though subtle, have not been properly identified to enable accurate
global predictions of soil carbon balance. Identification o f global carbon storage is
necessary for accurate global carbon predications because this would characterize carbon
residence times and identify whether the carbon is temporarily missing or if it is
sequestered for longer periods.
On a smaller scale is the unknown “locally missing carbon” (Cheng 1999). This
phenomenon occurs when a large increase in photosynthesis is not measured in either
aboveground or belowground biomass. Explanations are possibly found in difficult to
detect processes such as root turnover and root metabolic processes (respiration and
exudation). Even within an identified pool (i.e. soil), the allocation o f carbon to different
components within the pool will result in different residence times that can have a major
impact on the ability o f terrestrial ecosystems to sequester carbon. Rhizosphere
processes are important in understanding terrestrial ecosystem response to elevated CO2 Globai change is a complex process, and the fate of additional carbon is uncertain and
changes with differing environmental conditions and vegetation type.
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STUDY OBJECTIVES AND GOALS
As part o f a long-term field COz enrichment project involving many researchers
examining many aspects o f ecosystem response, this study evaluated plant belowground
responses to CO2 enrichment. The research was conducted using open top chambers in a
nutrient and water limited scrub oak ecosystem in central Florida. The chambers allowed
tor precise control of CO2 levels while still providing an opportunity to study a natural
ecosystem in situ. When properly replicated, field studies more accurately portray realworld conditions and lack certain constraints o f potted plant studies (Norby 1994).
A central question of this study is whether the CO2 fertilization effect on primary
production will result in soil carbon accumulation. This project permitted the study o f
belowground processes exposed to CO2 fertilization using only the least invasive
techniques available for the analysis o f root growth and decomposition. The questions
posed about the belowground response to CO2 fertilization have not been investigated
extensively, yet are very important considering the projected doubling o f atmospheric
CO2 by the middle o f this century (Conway et al. 1988). Root turnover accounts for as
much organic matter input as aboveground litter in many systems (Vogt 1991). Thus,
quantification o f root growth and decomposition allow for an evaluation o f belowground
carbon sequestration in this system.
The objectives o f this study were to measure fine root growth and decomposition
in response to increased atmospheric CO2 levels. A lack o f belowground research
historically can be attributed to the labor-intensive nature o f belowground measurements
(Stevenson and Day 1996, Symbula and Day 1988). Traditional root research
incorporated techniques such as soil monolith removal and soil coring. The

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

7
nondestructive nature o f direct root observation is ideally suited to chamber CO2
enrichment studies where repeated measurements can be made without additional impact
to the study site. In this study, root turnover and longevity measurements were made on
the same roots over time, whereas with traditional destructive sampling, repeated
measurements o f the same area o f undisturbed soil are impossible. These measurements
are crucial in predicting the carbon balance o f these systems over time.
The primary questions addressed were: Is belowground fine root density under
CO2 enriched conditions greater than fine root density under ambient conditions? Does
CO2 enrichment increase fine root turnover? Does seasonality o f root initiation differ
under CO2 enriched conditions? Does spatial distribution o f fine roots change with
increased CO2 ? These questions were addressed by direct observations o f roots using a
soil camera system. The minirhizotron technique is a nondestructive sampling technique
well suited for a study where destructive sampling would be invasive and add a bias if
continued over time. Additional questions were: Is root biomass correlated with
minirhizotron measurements? Can minirhizotrons be used to measure biomass increases
expected with elevated CO2 conditions? These questions were addressed by root cores
and regression equations as predictive models. Additional questions addressed were: Is
the decomposition o f roots grown under CO2 enriched conditions similar under CO2
enriched and ambient conditions, and do simila r mechanisms o f substrate quality
influence decomposition under enriched and ambient conditions? Is nitrogen loss
accelerated under enriched conditions? These questions were addressed by the analysis o f
decomposing roots over time using root litterbags.
The main hypotheses tested were:
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(Hypothesis 1) Elevated atmospheric CO2 increases fine root density and turnover in the
scrub oak ecosystem.
(Hypothesis 2) Elevated atmospheric CO2 changes fine root distribution in the scrub oak
ecosystem.
(Hypothesis 3) Atmospheric enrichment o f CO2 will slow the decomposition o f root
material.
(Hypothesis 4) Atmospheric enrichment o f CO2 will increase biomass.

INTRODUCTION TO THE STUDY AREA
The study site is on Merritt Island, an inland area of the northern part o f Kennedy
Space Center (KSC), Florida (28° 38’ N-8 O0 42’ W) (Fig. 1). Merritt Island is a barrier
island with topography ranging from sea level to about 3 m. Precipitation averages 131
cm per year with high year to year variability (Schmalzer and Hinkle 1987). A dry
season occurs from April to May and is optimal for fire. A rainy season occurs from May
to October; the rest o f the year is relatively dry (Mailander 1990). This pattern was less
pronounced during the study, with 1998 experiencing a severe drought (Fig. 2). Mean
daily temperatures are 223 C for January and 33.3 C for July; mean daily minimum
temperatures are 9.6 C for January and 21.9 C for August (Maflander 1990). The main
soils are excessively drained Poala sand (Spodic Quartzpsamment) and moderately well
drained Pomeilo sand (Arenic Haplahumod) (Schmalzer and Hinkle 1987). The soil is
acid and nutrient poor with a 20 cm organic layer, a mean N content o f 0.01% N
(Hungate et al. 1999), and a spodic horizon (Bh).
The stand was about 10 years old at the inception of the study. The experimental
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Honda, USA

FIG. L Satellite and aerial photographs o f the study site.
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FIG. 2. Mean daily air temperature ( °C) and monthly total precipitation (cm)
during the study period.
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II
sites were comprised mainly o f Quercus myrtifblia Wasd. (76%), Quercus geminata
Small (15%), Quercus chapmanii Sargent (7%), Serenoa repens (Bartram) Small and
Lyoniaferruginea (Walt.) Nutt. The community is dominated by clonal C3 species that
spread through underground horizontal expansion. It is unknown whether the ramets in
each chamber are of the same genet. However, studies of oak species with similar life
forms show that ramet size is smaller than the area o f the chambers (Montalvo et al.
1997). The scrub oak system was chosen because it is woody perennial, deciduous, and
thus has a nutrient cycle much like the nutrient cycle of forests while still being small
enough to study using open top chambers. Belowground biomass o f this system is higher
than aboveground biomass (Schmalzer and Hinkle 1996).
The scrub community is fire adapted and maintained with natural fire cycles o f
10-15 years (Schmalzer and Hinkle 1987). The area was burned in February, 1996 before
the chambers were put in place. The scrub oak species and saw palmetto all resprout
after fire. Previous bums at the site (Schmalzer and Hinkle 1992) demonstrated faster
initial regrowth for saw palmetto than for the scrub oak species. The study also showed a
return to prebum community dominance values at 7-11 year intervals. Schmalzer and
Hinkle (1996) suggest that the characteristics o f the fire adapted oak saw palmetto scrub
make it especially susceptible to nutrient losses from fire. Their study, however, did not
include belowground biomass and nutrient pools. They do suggest the importance o f
leaching, immobilization and volatilization to nutrient cycling. Fire can lead to nitrogen
losses due to volatilization. Consequently, frequent fires can result in nitrogen limitation
(Vitousek and Howarth 1991). Leaf area index values in the ambient and elevated plots
respectively ranged from 0.45 and 0.65 m 1997 to 0.75 and 1.15 in 1998.
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OVERALL EXPERIMENTAL DESIGN
Open, top chambers were used to maintain enriched CO2 concentrations (Drake et
al. 1989) (Fig. 3). The treatments, initiated May 14,1996, were normal ambient and
normal ambient + 350 PPM CO2 maintained 24 hours a day. Open top chambers are
considered best suited for the study of small stature communities such as scrub oak
communities (Mooney and Koch 1994). Both ambient and elevated chambers had air
circulating through blower systems that ran continuously. The open top chambers had
the CO2 blown from the bottom o f the cylinder out the top. The chambers are octagonal
with sides o f 139.9 cm, a maximum diameter o f365.6 cm, and a height o f365 cm. The
study had 16 chambers, eight enriched, eight ambient and eight reference plots without
chambers (N=8) (Fig. 4). Treatments were randomly assigned within triplets with closest
initial aboveground biomass values. All resprouting vegetation was clipped to ground
level at the onset of the study. Environmental measurements were obtained with a
weather station located on site. Temperature and numerous environmental measurements
were either continuously recorded or periodically measured in the chambers throughout
the experiment.

ORGANIZATION OF RESULTS
The following chapters present several possible effects o f elevated atmospheric
CO2 on carbon cycling in the soil. Chapter II presents root production and root turnover
under elevated CO2 - Chapter III addresses root decomposition under elevated CO2 . Both
the effects o f elevated CO2 on root litter quality and the environmental effects o f elevated
CO2 were evaluated. Chapter IV presents root mass to root dimensions relationships and
applies predictive models to estimate root biomass from observation data. Chapter V
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FIG. 3. Open top chamber design, air is drawn into the blower and into the
chamber. Air exits the chamber through the frustum.
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FIG. 4. Map o f the study site showing the layout o f chambers on the site.
Elevated = elevated chambers (ambient +350ppm CO2 ), ambient = ambient
chambers (ambient CO2 ), and control= chamberless control plots.
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summarizes the results. All o f these processes contribute to the cycling o f carbon and net
carbon sequestering in the soil. The evaluation of all o f these parameters is necessary to
make accurate predictions about soil carbon. The global net carbon sequestering of
atmospheric CO2 into organic form is unknown but is likely to increase considering the
continued increase of atmospheric CO2 .
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CHAPTER n
ROOT GROWTH AND DEMOGRAPHY

INTRODUCTION
The effect o f elevated atmospheric CO2 concentration on primary production has
been extensively studied in aboveground vegetation (Piteika 1994, Norby et ai. 1986,
Bazzaz 1990). Elevated CO2 generally increases overall plant production (Curtis and
Wang 1998, Norby 1994, Rogers et aL 1999). Plants grown in elevated atmospheric CO2
generally have increases in net photosynthetic carbon gain, which results in an increase in
plant production (Curtis 1996). Other consequences o f elevated atmospheric CO2
concentration on vegetation are a reduced rate o f transpiration, reduced mineral nutrient
concentration, and increased nonstructural carbohydrate concentration.

C4

plants appear

to have evolved during the reduced atmospheric CO2 levels of the Cretaceous and thus
have adapted to concentrate CO2 within the plant (Ehleringer et aL 1991). Thus, they are
less CO2 limited than C 3 plants in the present atmosphere. Elevated atmospheric CO2
concentration increases photosynthesis and forces plants to keep up with the other
processes that are accelerated due to increased carbon. This includes manufacturing
photosynthetic end products such as sucrose horn triose phosphates. Plant growth
increases o f 30% or more in C 3 plants have been measured under increased CO2
conditions; usually greater increases are measured in areas where nitrogen is not limiting
due to the additional carbon (Piteika 1994).
Roots are necessary for plants to acquire water and nutrients and comprise one of
the least studied carbon pools o f woody plants. Roots are heterotrophic and, thus, must
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depend on photosynthesis in the aboveground portion for both growth and maintenance.
Enhanced root growth may serve as a positive feedback when photosynthesis is increased
and water and nutrients become limiting. Plants generally allocate more carbon
belowground than aboveground in nutrient poor environments under ambient CO2
conditions (Chapin 1980).
Soil stores about three times more carbon than plants (Schiesinger 1997) but
almost all o f this carbon is transferred to the soil through plants. However, the
belowground system has been largely overlooked (Norby 1994, Piteika 1994). This is
unfortunate since entire systems need to be evaluated in order to understand the
connections that join plants with their soil environment. Current research on the
possibility o f belowground sequestering of carbon in response to elevated CO2 is not
conclusive (Norby 1994, Rogers et al. 1994). The possibility o f some o f the carbon
missing horn current global models being sequestered belowground still exists. Three
main mechanisms have been identified for the allocation o f surplus carbon fixed under
elevated CO2 . root biomass production (Rogers et al. 1994), root exudation and
respiration (O’Neill 1994, Cheng 1999) and fine root turnover (Pregitzer et al. 1995).
The greatest increase in productivity would be expected in areas with ample nitrogen;
however, increases have been observed in a variety o f systems. Komer and Amone
(1992) measured a production increase o f 6 % aboveground and 30% belowground under
elevated CO2 conditions in simulated tropical rain forest mesocosms. Drake (1992)
measured an annual increase in productivity of 15% aboveground and 80% belowground
in a salt marsh system. Lutze and Gifford (1998) found significant increases (15%) in
soil carbon under elevated CO2 in a C3 grassland under low nitrogen treatment.
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Variability in response to elevated CO2 bas been observed both between and
within crops and trees (Rogers et al. 1994). Tree response can vary with growth stage
(seedling, juvenile or mature), life form (evergreen or deciduous), growth (determinate or
indeterminate), and environmental variables (Lee and Jarvis 1995). Immature trees
usually follow an exponential growth curve, and a shift in growth curve should be
expected as trees reach maturity and growth slows (Kozlowski et al. 1991) and response
to elevated CO2 may lessen.
An examination o f root systems is essential to understanding ecosystem response
to elevated atmospheric CO2 . The importance o f root production is enormous in
understanding a whole plant perspective. Root growth and decomposition both have
implications for the cycling o f carbon and nitrogen in the plant soil system. Many studies
that have examined root growth have been either crop studies or studies with potted
plants. These both limit the extrapolation o f results to natural systems (McConnaughay
etal. 1993). An increase in shoot and root biomass has often been measured. With
carbon no longer limiting, an increase in root tissue would be expected to increase
mineral nutrient acquisition. In Quercus alba (Norby et al. 1986) fine roots showed a
greater increase than coarse roots under elevated CO2 conditions. However, other studies
using different species have had differing results. Liriodendron tulipifera (Norby and
O'Neil 1991) subjected to CO2 enrichment had similar increases in both fine and coarse
roots.
Most studies indicate increased root growth under elevated CO2 (Day et al. 1996,
Rogers et al. 1994, Curtis and Wang 1998). Thomas et al (1999) observed a 241%
increase in RLD under elevated CO2 but due to low experimental power was unable to
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determine statistical significance, a common problem with minirhizotron studies. Fine
roots are important in nutrient and water uptake and an increase could result in a plant
extending its foraging to a larger volume o f soil or more efficiently foraging the same
volume. An interesting paradox observed in some studies thus far is the increase in
photosynthetic rate without detectable increases in net growth (Piteika 1994). This
suggests the increase in photosynthesis may resuit in increased fine root exudation or
turnover in the soil, rather than an increase in total belowground biomass. The increased
turnover could produce additional soil carbon, which could be a missing sink o f carbon or
part of the locally missing sink (Cheng 1999). As the principle water-procuring organ,
roots are pivotal for growth, especially in water limited areas. Root turnover is important
as a possible carbon pathway to the soil but it is not an easy or common measurement
The factors that control root life span are poorly understood. Growth rate and longevity
could be related to root diameter, age and incidence o f mycorrhizae. It is generally
accepted that in forest systems root growth and senescence occur simultaneously through
the active growing season o f the plant. Root life span has been estimated in forest
systems to range from several weeks to several years and is often shorter than leaf life
span (Hendrick and Pregitzer 1992). Few studies have examined the effects of elevated
CO2 on root longevity. Under a low nitrogen-elevated CO2 treatment Pregitzer et al.
(1995) found a decrease in root longevity. Conversely, the pilot study for this experiment
(Day et al. 1996) found increased root longevity, although it was not significant.
Changes in root longevity could amplify or eradicate the potential carbon input to soil
due to changes in production. BassiriRad et al. (1997) demonstrated that trees would
enhance their root and mycorrfaizal network to meet the increased demand for nitrogen
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under elevated CO2 conditions. The extent to which species differences influence both
genetic controls and environmental controls has not been well investigated.
The objectives o f this portion o f the study were to examine whether elevated
atmospheric CCK increases fine root density and turnover and changes fine root
distribution in the scrub oak ecosystem.

METHODS
Direct observation of plant roots is an old technique, first described by Bates
(1937), with rhizotron observations contributing greatly to the understanding of root
ecology (Bohm 1979). The rhizotron method was useful for in situ repeated observations
o f roots. The minirhizotron method utilizing transparent cylindrical tubes (Taylor 1987)
is also a technique with older origins but the advent of technology to miniaturize cameras
and to allow computer processing o f images has enabled more extensive current
applications (Hendrick and Pregitzer 1993b). Cheng et al. (1991) tracked root growth
manually using clear plastic sheets, later Hendrick and Pregitzer (1993b) used a manual
digitizing computer program (MSRoots) to trace roots on a computer screen using a
mouse. Climate change research has embraced this technology due to the desire to obtain
important belowground measurements while minimizing impact to field experiments.
In this study two cellulose acetate butyrate minirhizotron tubes (5.7 cm diameter)
were installed in each o f the 16 plots (early March 1996), and one tube was installed into
each o f eight reference plots (early June 1996) for a total o f 40 minirhizotrons. Initial
root images were recorded after each installation. Minirhizotron tubes were installed at a
45° angle to the soil surface. The portion o f the tubes extending above the soil interface
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was painted black and taped with black and then white electrical tape and capped to
prevent water and light from entering and also to prevent heating o f the tube. Each tube
was etched with 159 numbered frames (9 mm x 13 mm) located along the side. The
effective depth o f root observation below the soil surface is

101

cm for all minirhizotron

tubes. This is 100% deeper than the previous pilot study (Day et al. 1996). However, a
COi enrichment study examining roots at a similar depth found greater response of root
number at approximately that depth (0.9m) (Thomas et al. 1999). The importance o f deep
rooting in soil carbon balance has been emphasized by Jackson et al. (1996) who found
the worldwide max rooting depth of shrubs to be 5 meters. Once all minirhizotron tubes
are installed, monitoring can be continued at any frequency with no additional impact to
the system. This technique has the additional advantage of recording the seasonality o f
root initiation and root longevity. Single root harvests at the end o f the growing season
probably underestimate belowground carbon allocation by only looking at standing stock
and not measuring nonliving carbon incorporated into the soil through roots which have
already died throughout the season. Fine roots here are defined as roots < 2 mm in
diameter.
Images were taped on Hi8 (mm) videotape with a Bartz Technology® BTC-2
minirhizotron camera system (Bartz Technology Co., Santa Barbara, CA, USA) that was
inserted into the tubes and aligned along the frames to record root images (Fig. 5). I was
unable to distinguish among species; thus, I present the results as community level root
system data. White light was used to illuminate the roots; UV light was shown not to
differentiate between live and dead in this system (Todd Herbert personal
communication). The root images were analyzed using ROOTS® Ver 1.05 (Michigan
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Camera
Lens

FIG. 5. Diagram o f a minirhizotron field installation. The Hi8 recorder and the
camera controller are connected to the camera with a cable. The minirhizotron
tubeis installed at a 45 degree angle to the soil surface.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

23
State University Remote Sensing Laboratory), a P.C. based software program, and
digitized using a Targa+ video capture board. Using this protocol, root images were
collected and analyzed in the laboratory to identify phenological state and measure length
and width (by directly digitizing individual roots), and recorded with an identification
code containing site, date, and frame number. ROOTS® software allows the comparison
o f roots between sampling periods to determine iength changes and the persistence of
roots through time. Roots were identified by color (white, brown or black) and
additionally for the short-term analysis as to whether, the terminal tip was visible. Root
length density (RLD) is defined here as root length per area observed. This differs from
agronomic RLD, which is a measure o f root length per volume soil. RLD is calculated
by summing root length per frame. This was calculated for each depth, tube and date
combination. Root distribution was calculated by measuring fine root abundance by
depth.
Sampling occurred over 33 months, every three months, from March 1996 to
December 1998. After one year o f the study, a short-term taping regime was conducted,
taping every sixth day over 30 days in June, 1997. This allowed for finer resolution o f
root turnover by tracking and measuring individual roots and following their fate by
repeated measures of the same roots on each sampling interval over a shorter time scale.
Short-term data were analyzed separately to test the same hypotheses on a smaller
temporal scale and examine the variability and short term response to soil moisture over
short periods. The short-term data set was sampled for a total sampling depth o f 57 cm
for the five sampling dates.
Turnover was measured by following roots over time and extrapolating root
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disappearance as turnover. This measure was calculated on a per root basis by computing
the fraction o f measured length (loss) o f new roots between time t and time t+l.
Disappearance o f the root was computed as 100% turnover for that individual. If a root
persisted to the next sampling period there was no mortality. This calculation on each
individual root removes any bias associated with the effect o f absolute root length in
computing iife span. Weber and Day (1996) measured turnover or mortality on a per root
basis and tested the percent mortality using a similar model to RLD. Day et al. (1996)
tested mortality using the fraction o f roots remaining in cohorts. Turnover was calculated
for each frame in the analysis. The life span o f roots observed in only one sampling
period was assumed to be one day. Turnover is presented here as fractional root loss per
day.
Root production here is defined as the measured length o f new roots between time
t and time t+1. Root mortality is defined as the measured root length at time t that either
has disappeared or is deemed dead at time fH . Both measures are expressed as root
length per area per day (mm cm'2 day'1). The calculations were made using data with 90
day sampling intervals for the long term study and 6 day (144 hour) sampling intervals
for the 1997 short term study. The short term study was processed in the lab with the
additional designation o f the presence o f a visible root tip in the field o f view for all roots
in the sampling frame meeting that criteria. Thus, all roots already in the frame with a
visible root tip, or entering the frame with a visible root tip were designated in the
database. An analysis was performed using only these roots to compute production,
which yields a rate of root length extension. This provided a more detailed analysis o f
root growth rates by including only the extension o f visible root tips.
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Effects of CO2 enrichment and depth on fine roots were tested using a repeated
measure ANOVA. Turnover was analyzed using cohort analysis (Hendrick and Pregitzer
L993b). The cohort o f fine roots produced near the start of the experiment was followed
for the duration of the experiment to measure percent survival, an indication of root
turnover rate. Frames were pooled into four approximately 25 cm vertical depths (0-25
cm, 25-50 cm, 50-75 cm and 75-100 cm) for the tong-term component and two 28 cm
depth classes (0-28 cm and 29-56cm) for the short-term component. For the short term
analysis, chamberless control plots were not included due to lower subsampling which
yielded too many zeros to calculate the necessary parameters. Depth and date were not
independent, and thus were analyzed as repeated measures. The MIXED procedure was
used in SAS (SAS Institute 1990). The random effect was the chambers and the fixed
effects were atmospheric CO2 and depth. Blocking was effective due to the f-values
greater than 1.0 for the repeated measures analysis. The RLD, elongation rates,
production and mortality were log10 transformed and the turnover data were arcsine
transformed in an attempt to normalize. The ANOVA tables calculated by PROC
MIXED lack the separate error term due to the estimation o f the covariance parameters
via the maximum likelihood approach (Khattree and Naik 1999). When the three way
interactions were calculated to be strongly non-significant (Pr > F = 1), the three way
interaction was removed from the model to conserve degrees o f freedom (Khattree and
Niak 1999).

RESULTS
Atmospheric CO2 enrichment significantly affected root growth (Fig. 6 , Table 1)
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FIG. 6 . Fine root length density (mm cm*2) for reference plots, ambient chambers and
elevated chambers. Means and standard errors calculated horn plots.

TABLE I. Repeated measures analysis o f variance examining the effect o f elevated
atmospheric COi on root length density across four depth classes over 33 months.
Source o f variation
Treatment
Date
Depth
Block
Depth *Time
Treatment *Depth
Treatment *Date

Num
DF
2
11

3
7
33
6
22

Dem
DF
14
1049
1049
14
1049
1049
1049

F value

Pr>F

15.04
87.97

0.0003
<0 . 0 0 0 1
<0 . 0 0 0 1
0.0507
0.0034
0.8555
<0 . 0 0 0 1

2 2 .0 0

2.75
1.82
0.44
731
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and resulted in higher RLD in the elevated chambers. Sample date did have a significant
effect (P>0.0001) (Fig. 6 ) due to the continuing regrowth o f the vegetation after the
prescribed bum. Overall, the elevated treatments had the highest RLD. The chamberless
control plots increased in density during the third growing season (Fig. 6 ). Depth was a
significant factor, with higher RLD near the soil surface (Table I). There was a
significant treatment*date interaction (Table I). This suggests a differentiai growth
response o f the treatments over time, with treatments responding differently earlier and
later in the experiment. The treatment*depth interaction was not significant (P>F 0.8550)
indicating that despite a significant treatment*date effect, treatments did not result in
significant alteration to root distribution. Depth profiles indicate uniform enhancement of
root growth throughout the soil profile (Fig. 7). Mean root width was not significantly
different between treatments (F=0.0801). O f the 86,000 roots digitized and tracked in
this study less than 400 were > 2 mm in diameter. The average diameter o f roots in this
study was similar for ambient and elevated and this was similar to the 0 . 2 0 ± 0 . 0 1
observed by Pregitizer et al. (2000) in a deciduous tree.
Throughout the study, fine root length production was greater for the elevated
treatments than for the other treatments (Fig. 8 , Table 2). The analysis o f root production
showed significant main effects (Table 2). This pattern is reflected in the resulting RLD
values (Fig. 6 ). Both depth*time and treatment*time interactions were not significant,
indicating production did not differ with depth between treatments (Table 2).
Fine root length mortality was lower than production over the entire study period,
resulting in steep increases in RLD (Fig. 6 , Fig. 8 , Fig. 9). Fine root length mortality had
significant main effects (Table 3) and no interaction of depth with treatment. The highest
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FIG. 7. Fine root length density for four depth classes at the midpoint and final sampling
date for both ambient and elevated chambers.
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FIG. 8 . Fine root production (mm cm*2 day*1) for reference plots, ambient chambers and
elevated chambers. Means and standard errors calculated from plots.

TABLE 2. Repeated measures analysis o f variance examining the effect o f elevated
atmospheric CO2 on fine root length production across four depth classes over 33 months.
Source of variation
Treatment
Date
Depth
Block
Depth T im e
Treatment *Depth
Treatment *Date

Num
DF
2

9
3
7
27
6

14

Dem
DF
14
749
749
14
749
749
749

F value

Pr>F

7.48
74.05
12.03
2.41
1.25
027
5.06

0.0062
<0 . 0 0 0 1
<0 . 0 0 0 1
0.0763
0.1775
0.9516
<0 . 0 0 0 1
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FIG. 9. Fine root mortality (mm cm"2 day*1) for reference plots, ambient chambers and
elevated chambers. Means and standard errors calculated from plots.

TABLE 3. Repeated measures analysis o f variance examining the effect o f elevated
atmospheric CO2 on fine root length mortality across four depth classes over 33 months.
Source of variation
Treatment
Date
Depth
Block
Depth "Time
Treatment "Depth
Treatment *Date

Num
DF
2

9
3
7
27
6

14

Dem
DF
14
749
749
14
749
749
749

F value

Pr>F

4.63
54.41
7.69
2.05
0.81
0.06
3.83

0.0286
<0 . 0 0 0 1
<0 . 0 0 0 1
0.II94
0.7358
03993
<0 . 0 0 0 1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

31
mortality was observed at the end o f the third growing season in the reference plots (Fig.
9). The increased growth measured in the reference plots over the third growing season
coincided with the greatest mortality. Fine root turnover, unlike fine root mortality, does
not incorporate the magnitude o f root length decreases. Fine root length turnover did not
significantly differ between treatments (Table 4). Turnover was highest for the elevated
treatments early in the study and later was highest in the reference control plots (Fig. 10).
Root cohorts were tracked through time (Fig. II) with the greatest loss occurring during
the period following their inception.
The short-term sampling followed similar patterns as the longer interval sampling
and highlighted some of the small time-scale variability in fine root dynamics. As in the
overall experiment, atmospheric CO2 enrichment significantly affected root growth
during June, 1997 (Fig. 12, Table 5) and resulted in higher RLD (P>0.0001) in the
elevated chambers. Sample date did have a significant effect (P>0.0001) (Fig. 12) due to
the rapid increase in the elevated treatment Depth was a significant factor (P>0.0015),
with higher RLD nearer the soil surface (Table 5). There was a significant treatment
*date interaction (Table 5). The treatment*depth interaction was not significant (P>F
0.5817) indicating that despite a significant treatment*date effect, treatments did not
result in significant alteration to root distribution. Throughout June, 1997 fine root length
production was greater for the elevated treatments than for the ambient treatments (Fig.
13, Table 6 ). The analysis o f root production showed significant main effects (Table 6 ).
This pattern is reflected in the resulting RLD values (Fig. 12). The treatment*time
interaction was not significant, indicating production did not differ with depth between
treatments (Table 6 ).
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FIG. 10. Fine root turnover (fractional root loss per day) for reference plots, ambient
chambers and elevated chambers. Means and standard errors calculated from plots.

TABLE 4. Repeated measures analysis of variance examining the effect o f elevated
atmospheric CO2 on root turnover over time across four depth classes over 33 months.
Source o f variation
Treatment
Date
Depth
Block
Depth *Time
Treatment *Depth
Treatment *Date

Num
DF
2

9
3
7
27
6

14

Dem
DF
14
749
749
14
749
749
749

F value

Pr>F

1.99
43.02
238
139
0.84
0.14
137

03010
<0 . 0 0 0 1
0.0688
03767
0.7062
0.9360
03526
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TABLE 5. Repeated measures analysis of variance examining the effect o f elevated
atmospheric CO2 on root length density over time across two depth classes in June 1997.
Source o f variation

Num
DF

Treatment
Date
Depth
Block
Depth T im e
Treatment *Depth
Treatment *Date

2

3
1

7
3
2
6

Dem
DF
14
153
153
14
153
153
153

F value

Pr>F

21.26
45.84
10.41
0.36
4.89
0.54
8.43

<0 . 0 0 0 1
<0 . 0 0 0 1
0.0015
0.9123
0.0028
0.5817
<0 . 0 0 0 1
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TABLE 6 . Repeated measures analysis o f variance ©camming the effect o f elevated
atmospheric COi on root production over time across two depth classes in June 1997.
Source o f variation

Num
DF

Treatment
Date
Depth
Block
Depth *Time
Treatment *Depth
Treatment *Date

1

3
I
7
3
I
3

Dem
DF
7
101
101

7
101
101
101

F value

Pr>F

26.10
24.03
14.62
0.67
3.08
028
536

0.0014
<0 . 0 0 0 1
0 .0 0 0 2

0.6962
0.0310
0.5968
0.0009
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FIG. 14. Fine root length mortality (mm cm'2 day*1) for ambient chambers and elevated
chambers during June 1997. Means and standard errors calculated from plots.

TABLE 7. Repeated measures analysis o f variance examining the effect o f elevated
atmospheric CO2 on root mortality over time across two depth classes in June 1997.
Source o f variation
Treatment
Date
Depth
Block
Depth T im e
Treatment *Depth
Treatment *Date

Num
DF
I
3
I
7
3
1

Dem
DF
7
101
101

7
101
101
101

F value

Pr>F

0.82
14.96
2.80
1.07
0.94
0.28
0.85

0.3949
<0 . 0 0 0 1
0.0974
0.4656
0.4249
0.5958
0.4679

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

37
Fine root length mortality was variable throughout the sampling period (Fig. 14). Fine
root length mortality did not have significant treatment effects, other main effects or
interactions other than time (P>F 0.0001) (Table 7). Fine root mortality declined over the
study period. Fine root turnover was significantly different between treatments (P>F
0.0110) (Table 7). Turnover was higher for the ambient treatments and was stable over
the sampling period for both treatments (Fig. 15, Table 8 ). Root length extension (RLE)
was significantly higher for the enriched treatment (Table 9). RLE increased sharply for
the first few sampling periods and then decreased over the remainder o f the study (Fig.
16).

DISCUSSION
Similar scrub oak systems in Florida (Johnson et al. 1986) measured greater
biomass belowground than aboveground; thus, the belowground component of this
ecosystem type is critical to a complete understanding o f carbon cycling. In this nutrientlimited water-stressed system, RLD increased under elevated CO2 conditions. Root
response to elevated CO2 under nitrogen limited conditions is not consistent in the
literature. Rogers et al. (1994), Norby (1994), DeLuca et al. (1999) and Zak (1993) all
observed increases in root growth under elevated CO2 and low nitrogen conditions.
Pregitzer et al. (2000) and Bazzaz and Miao (1993) both observed root growth increases
under elevated CO2 conditions but only when nitrogen was high. The necessity of high
nitrogen availability for root response to elevated CO2 has not been demonstrated across
all species and ecosystems. An interesting question, which has not been adequately
addressed, is what is the CO2 response o f low and high nutrient adapted plants under low
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FIG. 15. Fine root turnover (fractional root loss per day) for ambient chambers and
elevated chambers during June 1997. Means and standard errors calculated from plots.

TABLE 8 . Repeated measures analysis o f variance examining the effect of elevated
atmospheric CCK on root turnover over time across two depth classes in June 1997.
Source of variation

Num
DF

Treatment
Date
Depth
Block
Depth *Time
Treatment *Depth
Treatment *Date

1

Dem
DF
7

3

101

1

101

7
3
I
3

7

F value
11.76
13.09
13.06
1.42

101

0 .0 1

101

3.06
1.04

101

Pr>F
0 .0 1 1 0

<0 .0 0 0 1
0.0005
03270
03980
0.0834
03766
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TABLE 9. Repeated measures analysis of variance examining the effect of elevated
atmospheric CO2 on root length extension over time across two depth classes in June 1997.
Source o f variation
Treatment
Date
Depth
Block
Depth *Time
Treatment *Depth
Treatment *Date

Num
DF
I
3
I
7
3
I
3

Dem
DF
7
101
101

7
101
101
101

F value

Pr>F

1730
41.76
5.46
0.84
230
032
934

0.0042
<0 . 0 0 0 1
0.0215
03876
0.0820
03735
<0 . 0 0 0 1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

40
and high soil nutrient levels. Lee and Jarvis (1995) observed variable growth patterns
with roots grown under elevated CO2 over a period o f several years, with the largest
growth response seen in clonal material. Fine roots in this system comprised most o f the
belowground biomass; this component o f belowground biomass would be expected to
exhibit the quickest response to both positive and negative influences due to the lower
energetic cost of their construction.
Both this study and a previous pilot study (Day et al. 1996) found a CO2
fertilization effect after 8 months. Root growth rose sharply in December 1997. The
summer 1998 increases observed during a period o f drought are consistent with Osonubi
and Davies’s (1981) work with English oak (Ouercus robvr) where they found root
growth o f unwatered plants to be greater than their well-watered counterparts. Similarly,
Joslin and Wolf (1998) found a significant increase in root production on the drier sites in
a forest field study using minirhizotrons. The increased RLD measured under elevated
CO? is an important consideration in evaluating the nutrient and water acquiring
implications for forest response. Examination o f root growth at deeper depths in this
system is important because trees in this system are extracting water from the water table
2 m below the soil surface (Hungate unpublished). This was established using deuterium,
the stable isotope o f water. The upper range o f the water table in this sometimes waterstressed system is from 77 to 103 cm (Schmalzer and Hinkle 1987). These results
demonstrate that elevated CO2 has a strong influence on fine root growth. Despite water
and nutrient limited conditions, these plants exhibited greater productivity fueled by
greater nutrient uptake due to the observed greater root length production. Day et al.
(1996) observed a possible change in root profile with elevated CO2 , suggesting a pattern
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o f increased root density at both the surface and deeper depths. The present study had
greater replication (n= 8 vs. n=3) and sampling depth (100 cm vs. 50 cm) and did not
observe this effect. The implications o f greater soil exploitation of water and minerals
suggest by Day et al. (1996) are also suggested by these results due to the increased root
density observed at all depths. Despite the absence o f a significant change in root
distribution in the soil, the iarge increases in RLD are allocated throughout the root
profile resulting in increased foraging throughout. In this nutrient-limited water-stressed
system, the increased RLD values suggest that root system increases are necessary to
support the increases (80%) (Drake, unpublished) in the aboveground component of the
system.
The interaction o f this increase and the developing network o f mycorrhizal
hyphae is not well understood and merits further attention. Reductions in leaf nitrogen
may eventually lower increases in both aboveground and root production. Longer-term
studies are necessary to examine the persistence o f these increases. This study clearly
indicated an initial response o f root length density to increased elevated atmospheric CO2 .
In addition, the logarithmic growth rate of these species after fire necessitates long-term
study to examine any alteration o f seasonal response found in the system. An entire fire
cycle should be examined to properly predict the long-term implications o f elevated CO2
on production and carbon cycling in this system. The reduction of root diameter through
time was noted by Tingey et al. (1995). They measured a decrease in root diameter from
12. to 0.7 mm as root numbers increased over a 12 months o f growth.
RLE was greater in the short-term study for the elevated treatment. The isolation
o f this response is important in understanding the mechanism for increased RLD under
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FIG. 17. Soil water content (0-30 cm depth) in reference areas obtained with TDR
probes in June 1997 (Hungate, unpublished data).
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elevated CCK Increased RLD could be due to increased branching without an increase in
root elongation- This clearly demonstrates a significant effect ofCOi on RLE. This
could be due to the acceleration of cortical cell expansion rates observed under elevated
CO2 (Crookshanks et al. 1998). Soil moisture was estimated on site using time-domain
reflectometry (TDR) technology (Fig. 17) (Hungate, unpublished data). The decline in
soil water throughout the sample period may have contributed to the decline in RLE
during the later part o f the study.
The effects of CO2 on root longevity are not consistent as reported in the
literature. Root longevity is not yet well understood; species differences in root turnover
have been observed in trees grown under elevated CO2 (Bemtson and Bazzaz 1996). Day
et al. (1996) and Tingey et al. (1997) both measured an increase in tree root longevity
under elevated CQ>- Pregitzer et al. (1995) found reduced root longevity under low
nitrogen (but watered) conditions. Pregitzers’ findings have potential impacts on
predictions o f carbon sequestration based on static root measurements. Hendrick and
Pregitizer (1993) observed lower root turnover during the winter months. The finding of
no significant effect on root turnover over the entire study and significantly lower
turnover over the June, 1997 short term sampling is consistent with the findings o f Day et
al. (1996) o f a non-significant increase in root longevity. I could not detect seasonality
due to the rapid regrowth o f this system following the fire coupled with the year round
growing season in central Florida. Root longevity interactions with soil nutrient and
water availability are also not well understood. The reason for one paradigm not
emerging across the majority o f studies may be due to the interactions o f a plants
response to resource availability and environmental conditions. Increased carbon fixed
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through accelerated photosynthesis stored in roots as carbohydrates could potentially
serve to increase root life spans. Conversely, the same supply o f increased carbon could
be used for construction of short-lived roots to forage for nutrients and water.
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CHAPTER HI
ROOT DECOMPOSITION

INTRODUCTION
Belowground growth and decay both affect the sequestering o f soil carbon. Total
soil carbon would increase due to either increased fine root production or decreased fine
root decomposition. Thus, the ecosystem could gain carbon even if the plant doesn't
(Norby 1994). In light of the likelihood o f increased root growth under elevated CO2
(Curtis et al. 1994), the extent to which these roots and rhizomes contribute to
belowground carbon merits investigation. Root decomposition under elevated CO2 is
influenced by a complex set of factors because any litter quality changes that may be
induced are coupled with possible soil environmental changes (e.g. water and nutrients)
and soil flora and faunal changes (e.g. microinvertebrates, fungi and bacteria).
Temperature, moisture and plant tissue chemistry are considered to have the greatest
influence on decomposition rates (Vitousek et al. 1994). Nitrogen, phosphorus and
carbon content (as cellulose and lignin) all influence root decomposition (Cotrufo et al.
1994, Day 1982, Gorissen et al. 1995). Microsite environments are also important in
regulating decomposition rates (Day 1995).
The extent to which increased CO2 will result in increased nutrient cycling and
carbon accumulation in the soil globally is unknown. However, a shift o f allocation
seems a likely scenario. As carbon becomes less limiting under increased CO2 levels, the
plant may shift carbon allocation from leaves (carbon catchers) to roots (mineral miners).
Increases in photosynthesis, fine roots, which have a higher C:N ratio than shoots, and
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overall tissue C:N ratio (due to elevated CO2 ) all point to increased carbon in the
terrestrial ecosystem. The resulting lower tissue nitrogen content may decrease
decomposition rates. Increased leaf C:N ratios, decreased leaf water and nitrogen content
have all been shown in vegetation grown under elevated CO2 (Pitelka 1994, Couteaux et
al. 1999). Although C:N ratio is a crude estimate o f litter quality, it is basic information
in evaluating how elevated CO2 and soil N influence litter quality (Pregitzer et al. 2000).
Cotrufb et al. (1994) found elevated CO2 resulted in leaf litter with higher Iignin
concentrations, lower nitrogen, and higher C:N ratios; all o f which point to higher carbon
storage in soil under higher atmospheric concentrations o f CO2 . Murray (1995) suggested
reduced quality o f C3 crops grown under CO2 enriched conditions despite the possible
increases in C3 crop yield. Also, increased leaf C:N ratios and decreased leaf water and
nitrogen contents have all been shown (Pitelka 1994). These changes in tissue quality
could slow decomposition rates. This would in turn lower available nitrogen, thus
eventually lowering primary production. A meta-analysis on the influence of
atmospheric CO2 concentration on quality o f plant material and litter decomposition
showed a general decrease o f carbon mineralization (Couteaux et al. 1999).
Net nitrogen immobilization is due to microbial decomposers demand for carbon
as the C:N ratio drops. This signals the beginning o f Iignin decomposition and lowers
available nitrogen, thus eventually lowering primary production. However, the view that
widespread substrate quality changes will result in a negative feedback on net primary
production has recently been questioned (Norby and Cotrufo 1998) because the majority
o f studies used green plant material. Plant material often demonstrates an effect o f
elevated CO2 (e.g. lower tissue nitrogen), but this may not translate to a significant effect
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after the translocation that precedes natural senescence.
Decomposition is a fundamental process affecting soil carbon accumulation rates.
Van Veen et al. (1991) hypothesized that due to natural high soil CO2 concentrations,
direct effects of elevated CO2 on soil processes is doubtful. However, this has not been
tested extensively. Because substrate quality is a very important factor regulating
decomposition, CCK enrichment may prove to be indirectly influential. The few root
decomposition studies conducted under elevated CO2 have shown varied results with a
trend toward decreased nitrogen concentration in root tissue (Couteaux et al. 1999). Field
experimental plots may exhibit changing flora and fauna due to elevated CO2 that could
affect decomposition. Soil nitrogen transformation under elevated CO2 is not clearly
understood. The fate of any additional carbon is uncertain. One possibility is a
stimulation o f microbial growth increasing the incorporation o f inorganic nitrogen into
the litter resulting in the immobilization of nitrogen. Accumulation of N in wood is
common (Scheu and Schauermann 1994). The final balance o f carbon and nitrogen in
the soil is uncertain. Zak et al. (1993) found elevated CO2 increased soil microbial
biomass and nitrogen mineralization. Conversely, Diaz et al. (1993) suggested the
possibility o f lower C:N ratio litter, which would in turn increase microbial N demand
and immobilize N. These differing hypotheses o f the fate o f carbon are not yet resolved.
Experiments indicate a great deal o f variability suggesting the possibility that one
paradigm will not emerge to predict the fate o f carbon in every system.
Decomposition has been studied under CO2 enriched conditions, but most studies
are on leaf litter aboveground. Root decomposition has been largely overlooked, even
under ambient CO2 conditions. A belowground decomposition study nsfng actual root
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material was necessary because toots are chemically and structurally complex and
contain Iignins. It is generally acknowledged that larger roots decompose slower than
smaller roots. Fine roots are probably the largest input of belowground carbon in the
scrub oak system. Rhizomes have a special importance due to their functioning as a
woody reservoir for long-term carbon storage and turnover. Gorissen et al. (1995) found
grass root decomposition to be retarded for grasses grown under elevated CO2 conditions.
Even single studies examining two species have found species differences in response to
elevated CO2 (Ball and Drake 1997, Contrufo and Ineson 1995).
The objectives were to quantify root mass loss and nitrogen dynamics o f roots
grown in elevated and ambient conditions and incubated in elevated and ambient
conditions. This was completed using a buried Iitterbag technique with harvest and
analysis spanning 828 days.

METHODS
Belowground decomposition of fine roots was measured using CO2 enriched and
ambient fine root material harvested in a pilot study in July 1995. The root material was
taken from five cores (11.11 cm deep and 31.75 cm diameter) in each o f the nine sites
(three treatments) o f the pilot study, washed to separate sand and dried at 70 °C. The
roots had been grown (1992-1995) under treatments similar to those in the current study
(normal ambient and normal ambient +■350 PPM CO2) (see Day et al. 1996). Placing
roots grown under ambient CO^and elevated CO2 conditions separately in both ambient
CO2 and elevated CO2 chambers allowed for separate evaluations o f any differences in
decomposition due to changes in plant tissue versus any direct effects o f elevated CO2 on
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the soil environment. The homogenized mixture of roots harvested from these cores was
used for a representative assemblage o f the root composition o f both species and size for
the study. Representing the proportional makeup o f root species and size composition is
important for accurately simulating community level decomposition response to elevated
CO2 - This is important since root diameter has been related to mass loss (Berg 1984).
The fine root litterbags (n=200), constructed o f 1 mm mesh nylon, were divided
into two

10

cm sections for a total bag length of 2 0 cm to incorporate a depth treatment

into the study. The litterbags, containing known masses o f roots, were inserted into the
soil in September 1996 following the methods o f Tupacz and Day (1989). A small slit
was made in the soil, a bag inserted and the soil closed behind to ensure bag contact with
the soil. For the fine root experiment, five bags were inserted per chamberless control
plot and 10 bags per chamber on September 5th and 6 th 1996. Large rhizomes were also
used from the pilot study harvest

10

cm sections o f approximately 2 cm diameter were

cut and placed into 24 rhizome litterbags. These were 10 cm by 4 cm bags filled with
one 10 cm x 2 cm woody rhizome. These were inserted horizontally into the soil at a 5
cm depth. This design allowed for a cross o f treatments to test for both substrate and
chamber effects. Although the roots were alive when collected for this study, it is
generally accepted that roots show little or no retranslocation o f nutrients when senescing
(Nambiar 1987). O’Neill (1994) cautioned the enhanced nutrient use efficiency under
CO2 enrichment may increase reallocation and amplify any reduction in litter quality. All
material was again dried at 70° C for 72 hours prior to weighing and preparing the bags.
Bags were randomly removed from each chamber between December 1996 and
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December 1998 at 103,187,296,370, and 828-day intervals to establish decomposition
rates. Rhizomes were harvested one time at 828 days.
A blade was inserted into the soil to cut root ingrowth before removal, and prior
to processing, the number of root intersections into the bag was recorded. The litterbags
were rinsed of sand with tap water, and root growth into the bag was carefully removed.
The roots were then oven-dried at 70°C tor 72 hours and weighed to determine mass loss.
Data obtained from the decomposition study are presented as percent initial mass
remaining. Random pairs of bags were combined from the eight chambers, and samples
(N=8) were ground in a Wiley Mill with subsamples additionally ground in a ball mill to
ensure that the small sample used in the chemical analysis was representative and not
biased by particle size. Nutrient analysis was done on material left at the termination of
the study to determine rates o f carbon and nitrogen loss from the root tissue in addition to
mass loss. Total carbon and nitrogen were analyzed using a CHN elemental analyzer
(Carlo Erba 1108, Milano, Italy).
Initial nitrogen and carbon concentrations o f fine roots were analyzed using one
way ANOVA’s; initial nitrogen and carbon concentrations o f rhizomes were analyzed
using f-tests. Fine root differences in percent initial mass remaining between CO2
treatments and depth were tested using a split-plot ANOVA. The data were evaluated
using both linear and exponential models to test for the best fit. Relative decomposition
rates (&) were then calculated using a fixed intercept negative exponential model (Wieder
and Lang 1982) with the form ula:
X=e~h
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Where X = the proportion o f initial mass remaining, k is the decay constant and t
is time. The times to reach 1% and 5% were calculated using k values. The TukeyBCramer method (Sokal and Rohlf 1981) was used to determine significant differences in
decay coefficients (k) for each treatment and depth.
Data from Iitterbag studies tend to include larger diameter roots than actually
present in the soil (Pregitizer et ai. 1997) since even the most careful harvesting and bag
preparation involves losing a significant portion o f the finest roots. Ruark (1993)
suggests the lower estimates o f root decomposition using buried bags can be due to
washing and air drying root material and less than optimal moisture within the bags.
Therefore, turnover rates in this smallest cohort are best measured, using minirhizotron
observations. For the larger fine roots, litterbags are more appropriate since larger roots
are not easily tracked with minirhizotrons. These two methods are complimentary in
evaluating decay over the broad range o f “fine roots”.

RESULTS
Fine root mass loss did not differ between treatments or depths in this study
(p>0.1120) (Fig. 18). There was no significant time x treatment interaction and the time
effect was significant (p>0.0001). Decay rates (k) were calculated for each treatment and
rates did not differ between treatments or depths (Table 10). Fine root decay rates (£)
ranged from 0.17 to 022 among treatments. Rhizome mass loss or decay was not
affected by either the CO2 growth or incubation treatments (Table 11). Decomposition
coefficients were similar for the rhizomes and ranged from 022 to 029 (Table 11 and
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TABLE 10. Fine root decay rate constants (-A/year), coefficient o f detenninatioii (r2),
percent mass remaining after 828 days o f decay (%M) and years to reach 99% for depth
intervals (n=48). All regressions are significant at p=0.0001.
Litter
from
Ambient
Ambient
Enriched
Enriched
Ambient
Ambient
Enriched
Enriched
Control
Control

Incubated
in
Ambient
Ambient
Ambient
Ambient
Enriched
Enriched
Enriched
Enriched
Control
Control

Depth
Class
0-I0cm
l0-20cm
0-I0cm
l0-20cm
0-I0cm
I0-20cm
0-I0cm
I0-20cm
0-I0cm
I0-20cm

k

O.IT
0.20
031
0.20
0.19
0.19
0.20
020
022
022

SE

R-

0.01
0.01
0.01
0.02
0.01
0.01
0.01
0.01
0.01
0.01

0.79
0.86
0.85
0.78
0.88
0.88
0.86
0.86
0.88
0.90

To, (yr)
26.43
22.49
21.79
23.16
243 1
23.83
22.76
22.60
21.08
20.87

YEARS
99%
17220
14.63
14.18
15.07
15.82
15.50
14.81
14.71
13.72
13-58

Final %
Mass
61.72
5296
5427

59.92
54.72
5458
53.73
5333
46.93
44.45

TABLE 11. Decay rate constants (-A/year), initial nitrogen and carbon content, percent
mass remaining after 828 days o f decay and root ingrowth for woody rhizomes in root
litter bags. AH regressions are significant at p=0.0001. One standard error hr parentheses.
Different lower case letters indicate significant differences (p=0.05) between treatments.
Rhizomes from Ambient
Incubated m Ambient
n
ic
Final % remaining
Ingrowth after 828 days
T ot (years)
Final %N
Final % C
Initial C:N
Final C:N

8
022
051
175a
2137
184.11
102.14
193
109

(0.02)
(0.05)
(23)
(15.0)
(130)
(14.6)
(6-0)

Rhizomes from Ambient
Incubated in Enriched
8
032
05
20.6a
20.8
226.04
99.76
193
95

(0.03)
(0.06)
(1-5)
(31.7)
(0.68)
(14.6)
(11.4)

Rhizomes from
Enriched
Incubated in Enriched
7
039
(0.02)
35
(0.04)
28.4b
(3.7)
1536
225.18 (39.6)
100.88
(133)
191
(13)
96
(10-6)
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TABLE 12. Initial root and rhizome nitrogen and carbon concentrations. Mean ± SE
(n=8). The P-value is for one-way ANOVA for fine roots and t-test for rhizomes.
Type
Rhizomes

Grown in
Ambient
Enriched

%N
0.26*0.0200
0.25x0.0002
P<0.6839

%C
48234 0.08
47.954 0.L9
PO.2256

ON
1964 14.60
1914 1.90
P<0.8826

Fine Roots

Control Rings
Ambient
Enriched

0.4240.0040
0.44x0.0400
0.4240.0100
P<02212

50.69±0.13
50.57x0.il
50.2640.13
P<0.0582

121.02:1
i 12.37:1
121.86:1
P<0J297
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12). The fine root initial percent nitrogen (P>0.0582) and percent carbon (PXJ.2212) did
not differ significantly (Table 10) between growth treatments. Rhizome initial percent
nitrogen (P>0.6839) and percent carbon (P>0.2256) also did not differ significantly
between growth treatments. Although percent carbon was similar for both fine roots and
rhizomes, the original nitrogen values for the rhizomes were substantially lower (Table
10). Initial fine root nitrogen content ranged from 0.42% to 0.44% and initial rhizome
nitrogen content ranged from 0.25% to 0.26%. These fine root values were lower than
the 0.77% measured by Schortemeyer et al. (2000) on the same site for fresh root
material. This lower nitrogen value was likely due to the washing and oven drying of the
roots used in this study.
Percent original nitrogen remaining during the decay o f fine roots showed
increases in percent nitrogen three months after the beginning o f the study (Fig. 19). This
nitrogen immobilization was observed in fine roots o f all growth and incubation
treatments. Although all treatments exhibited some immobilization, it was significantly
higher in the COi enriched chambers (P>0.3423) (Fig. 19). The highest nitrogen
immobilization in fine roots in this study was measured after twelve months and ranged
between 130% and 140% original nitrogen. Fine root carbon concentration was stable
throughout the experiment. I observed nitrogen immobilization in both roots and
rhizomes in this study. Percent original nitrogen increased for all rhizome treatments
(Table 12). The rhizomes immobilized between 184% and 226% original nitrogen,
considerably higher than the 102% to 116% immobilized by fine roots after 828 days.
The C:N ratio declined over time for both roots and rhizomes due to the increase in
nitrogen coupled with a steady composition o f carbon (Fig. 19).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

56

C:N Ratio
140

-

C:N Ratio

120 4

100 i

80

60

Nitrogen Content

% Original Nitrogen

140

120

1 0 0 -t

— Ambient Grown/Ambient Incubated
' ° Ambient Grown/Enriched Incubated
^ Chamberiess Grown/Chamberiess Incubated
~ 1“ Enriched Grown/Ambient Incubated
6 Enriched Grown/Enriched Incubated

80 -t

i
60 — ^

------------------i------------------1------------------ i------------------ (------------------1------------------ 1

Sept 96

Dec 96

March 97

June 97

Sept 97

Dec 98

FIG. 19. Percent original nitrogen content o f decomposing roots.
C:N ratio of decomposing roots.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

57
DISCUSSION
Mass loss rates were lower than those reported for birch and spruce fine roots (4060 % after 155 days) (Cotrufo et al. 1994). The values were more similar to Lohmus and
Ivask (1995) who observed 22.5% to 43.2% mass loss o f Norway spruce fine roots after
two years. Both this study and Lohmus and Ivask (1995) oven dried the material prior to
the experiment, which destroys the decomposer population on the material and may
present a time lag for recolonization by decomposers. The lower mass loss rates observed
in this study were likely due to the woody structure, larger roots and oven drying of
material. Wood decay occurs over time by leaching, physical weathering, microfauna
and microbial activity. Hungate et al. (1999) found reduced rates o f gross nitrogen
mineralization in soil and lower nitrate recovery from lysimeters in the first 14 months o f
the current study. Differences were not detected in soil microbial biomass. This was
possibly due to increased carbon input to the soil by root mass and a decrease in the
quality o f that carbon (i.e. Iignin). Although I did not detect changes in the quality o f the
root and rhizome carbon, the possibility exists for differences in some structural
components or in differences in fresh material. Aboveground leaf material from the pilot
study also did not have significant differences in carbon and nitrogen (Gifford
unpublished). Though there were no significant treatment effects, the low decomposition
rates suggest possible soil sequestration o f additional carbon resulting from increased
production.
The current model for nitrogen dynamics during decay describes an initial phase
o f leaching followed by a period o f accumulation ending with, net release (mineralization)
(Melillo et al. 1989). Nitrogen accumulation can be common during decomposition (net
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nitrogen immobilization) and can be up to twice the original content (Melillo and Aber
1984). Environmental variability between ambient and elevated chambers drove the
increase in nitrogen immobilization observed in the elevated CO2 chambers. This could
be due to soil moisture differences (Hungate et al. 1997) or soil fungi differences in the
elevated CCK chambers. Also, all root litterbags were in situ and exposed to growing
roots, and possible increased rhizodeposition under elevated CO2 conditions (Rogers et
al. 1994) could be instrumental in elevating microsite carbon, thus contributing to
enhanced immobilization. Sadowsky and Schortmeyer (1997) suggested the possibility
o f C:N changes in root exudates similar to the change often observed in root tissue. This
could further enhance immobilization. In the current study, Schortemeyer et al. (2000)
found in soil cores taken early and late July 1998 that on one sampling date the
rhizosphere ninhydrin-reactive nitrogen was lower and on the other sampling date the
values were not significantly different This inconsistent finding based on two close
sampling dates suggests temporal variability in root exudation and microbial response o f
this system. Increased rhizodeposition can occur on a root length or mass basis or on a
soil volume basis. Even if rhizodeposition on a per length basis is not affected, it can still
result in an increase in total rhizodeposition with increased root biomass (Rogers et al.
1994). Seastedt et al. (1992) suggested that buried substrates with high C:N ratios do not
immobilize substantial amounts o f nitrogen in grassland and agroecosystems.
Conversely, Ostertag and Hobbie (1999) measured high levels o f nitrogen immobilization
in tropical forest roots. I observed immobilization in both roots and rhizomes in this
study, and the initial nitrogen values were slightly lower than the material used in both of
their studies (0.49%).
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Net nitrogen immobilization was observed across all treatments of both roots and
rhizomes and was due to the initial high C:N ratios across all pre-treatments.
Immobilization may serve as an important mechanism for conserving nitrogen in this
system and the enhancement o f immobilization under elevated CO2 conditions may serve
to potentially minimize leaching and increase nutrient use efficiency. Vitousek and
Matson (1985) showed the minimization o f nitrogen leaching by sou microbes following
a clearcut. Immobilization exhibited the greatest magnitude in the woody rhizomes.
Scheu and Schauermann (1994) also found greater N accumulation in larger roots.
Although enhanced immobilization did not persist until the end o f the experiment, even
short-term immobilization can help conserve nutrients during the critical recovery time
after fire.
Plant tissue nitrogen can be controlled by soil nitrogen content (Vitousek et al.
1994). The low soil nitrogen values o f this system may partially explain the low initial
tissue values. Conn and Day (1997) measured grass roots with initial nitrogen
concentrations ranging from 59-81% nitrogen. I did not measure a detectable initial
period o f leaching. Leaching may occur unnoticed if the mineralization occurring is
overshadowed by immobilization. Unless able to identify external and internal fractions
(e.g. isotopes), the only observation is net immobilization.
Hungate et al. (1999) observed no increase in microbial biomass under elevated
CO2, and Langley and Hungate (unpublished) found no difference in mycorrhizal
colonization per root in elevated or ambient CO*. This lack o f change in percent
colonization coupled with increased root length in the elevated chambers suggests a
greater fungal network under elevated CO2 - Greater fungal biomass seems a possible
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contributor to the increased immobilization observed under elevated CO2 (Fahey 1983).
Since mycorrhizae have a ready plant carbon source, they may become more nitrogen
limited, resulting in periods o f immobilization and mineralization. Enhanced nitrogen
immobilization may serve as an important nitrogen conservation mechanism following
fire in this system. Increased soil carbon inputs and enhanced immobilization will result
in either reduced nitrogen availability or in conservation of nitrogen in this nutrient
limited system. Hungate et al. (1999) measured increases in nitrogen fixation under
elevated COt in the Florida scrub oak system. However, nitrogen fixation is a rather
small nitrogen input to this system and may only have an influence over time. If the
immobilized nitrogen balances the increased nitrogen fixation then nitrogen limitation
could be avoided and the immobilized nitrogen could potentially be mineralized later for
plant use. Thus, although total mass loss was unaffected by rising atmospheric COj,
immobilization of decaying root litter may be altered. Increased accrual o f nitrogen in
litter is consistent with the hypothesis that elevated CO2 will result in increased nitrogen
demand by soil microorganisms (Diaz et al. 1993, Zak et al. 1993). In the long term,
nitrogen availability will govern the response o f nutrient limited ecosystems such as the
Florida scrub oak to elevated CO2 -
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CHAPTER IV
ROOT LENGTH-BIOMASS RELATIONSHIPS
INTRODUCTION
Minirhizotrons provide an attractive alternative to labor intensive monolith and
soil root core extractions. The ability to monitor roots in situ over longer periods without
any additional disturbance other than the initial minirhizotron installation is advantageous
in field studies where disturbance can be an unwanted ramification o f repeated
destructive harvests. The ability o f minirhizotrons to estimate more comprehensive root
parameters (i.e. mass) is not often considered. The extrapolation o f root length
measurements to root mass estimates from minirhizotrons seems to be a logical
progression o f the technique. The conversion o f observed 2-dimensional minirhizotron
images to biomass values is valuable because it allows the forte o f minirhizotrons, long
term repeated measurements, to be used to obtain biomass estimates. These biomass
estimates are valuable in ecosystem modeling, especially global change biology where
biomass is an excellent surrogate for carbon.
Although elevated COi increases both root and shoot biomass (Curtis and Wang
1998, Norby 1994, Rogers et al. 1999), there are few data related to the alteration o f root
to shoot ratio. Although standing stock is noted most often to increase, production root to
shoot ratio is an important measurement that is often overlooked. Several studies have
tried to link minirhizotron observed root link density or number with biomass values
(Merrill and Upchurch 1994, Hendrick and Pregitzer 1993a). The ability to predict
biomass using indirect methods is useful in many field experiments. The destructive
harvest o f cores from any size plot is undesirable though often tolerated. Recent work by
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Snook and Day (1995) has provided a basis for the extrapolation o f root biomass
estimates from minirhizotron analysis. They focused on community level fine toot (<2
mm) biomass and dimension relationships. Using this method, destructive core sampling
was completed to establish a community level allometric relationship. The significance
o f the biomass and length and the biomass and area relationships validate the use o f these
dimensions to predict biomass while aiso providing a specific root length (SRL) estimate
to be used in that prediction. One potential problem in these conversions is that soil cores
underestimate the number o f fine roots, thus aggregate values o f SRL from root cores
cannot be applied to roots <2 mm in diameter from minirhizotron observations. Another
potential problem with this correlation is the noted discrepancy between distributions of
root length or number observed by minirhizotrons by depth and root distributions
estimated by root destructive harvest data.
The objectives were to develop root mass-Iength relationships for this system and
apply these relationships to minirhizotrons data to predict biomass in the scrub oak
system. This was completed using destructive root harvest and root imaging.

METHODS
Forty soil cores (7 cm diameter x 10 cm length) were sampled from the
chamberiess control plots (five per plot) to depth o f 60 cm during peak growth
(Schmalzer, personal communication) in the second season. 240 samples were washed in
a hydropneumatic elutriator (Smucker et al. 1982), then live roots were hand picked and
sorted into size classes (<2 mm, >2 mm or woody rhizome) using calipers. Live roots
were determined based on flexibility, intactness and general appearance. Woody
rhizomes were chosen based on their large diameters and their presence o f bark. Root
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length and planar area were measured using an Agimage® image analysis system
(Decagon Devices, Inc, Pullman, Washington, USA). The instrument was calibrated
using thread cut into segments o f a known length. Root biomass was measured and the
results were used to form a conversion between biomass and root length for the control
chambers. Total fine root (<2 mm diameter) length and biomass values were then used to
calculate a specific root length (SRL) index for this system to a depth of 60 cm. The
deepest SRL calculation was applied to the 60 to 100 cm minirhizotron depths. SAS
(Statistical Analysis System 7.0) was used with procedure GLM to perform analysis o f
covariance (ANCOVA) with confidence intervals set at 95% to examine by depth the
ability o f both root length and area to predict biomass. The data were transformed to
satisfy the assumptions o f normality. SRL was also calculated for three size classes in
small subsamples (N=5) o f 0 -0.25 mm, 0.25-1.0 mm and 1.0-2.0 mm diameter roots.
Samples were taken mid-summer during peak growth because Snook and Day
(1995) found in a study o f relationships among root length planar area and biomass that
summer samples (May and August) yielded stronger relationships than winter samples.
Since the growing season in Florida is 12 months, the seasonal variation is probably less.
This one time destructive sample enabled the development o f predictive relationships for
indirect root biomass estimates in the chambers. Snook and Day (1995) found the
predictive relationships were better for shrubs than the dune grasses they tested, hi a
study estimating mass from minirhizotron measurements in ponderosa pine, Phillips et al.
(unpublished) found preliminary estimates were 50% o f the actual biomass at greater soil
depths and less than 50% near the surface. These are similar to the values o f cotton given
by Merrill and Upchurch (1994).
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Mimrhizotron values were converted to mass and then to bulk soil volume by
assuming a theoretical 3.0 cm'3 volume o f soil utilization by roots Merrill and Upchurch
(1994). The application o f relationships developed under ambient CO2 conditions to the
elevated CO2 plots is justified due to the findings of Pregitzer et al. (1997) who measured
no significant differences in SRL between oak grown in elevated CO2 and ambient
conditions. The same study, however, did find significant differences in some non-oak
trees.
Merrill and Upchurch (1994) developed a technique based on the calculation o f the
mean root length that would occur within a minirhizotron tube if the tube was not present
and if all possible growth projections are considered. The mean root length of this
distribution multiplied by the number of roots observed divided by the volume o f the tube
gives agronomic root length density (cm cm*3 soil). This method is based solely on root
number and not on root length within the frame. The assumption is that the root could
have had any orientation upon contact with the tube. Merrill and Upchurch (1994) found
problems associated with applying this approach to cotton where this method estimated
half the biomass deeper than the cores and less than half near the surface. The method
used for biomass conversions in the current experiment was developed by applying the
approach taken by Merrill and Upchurch (1994) and using root length instead o f root
counts.
The method developed for the current study is a more direct approach based on
volume o f soil observed. It assumes a 2 nun depth of field in front o f the minirhizotron
window, and including the frame, dimensions equal a 9 mm x 13 mm x 2 mm or 234
mm3 volume observed. Similar attempts using minirhizotron data have specified depth o f
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field values o f 2.5 (Tingey unpublished manuscript), 3.0 (Itoh 1985), and 2.0 (Taylor et
al. 1970). 2.5 mm was chosen because like Tingey (unpublished manuscript) its values
best matched root core data. Agronomic RLD is calculated by dividing the length o f root
observed in a given frame by the soil volume observed. The conversion to biomass (g m
~2) was made by dividing root length density by SRL and extrapolating up to square
meter of ground area. SRL values calculated for the entire size class 0-2 mm width were
not used in the biomass calculations. Although the SRL estimations were representative
o f the size class makeup o f the cores, this size distribution did not match the
minirhizotron observations and thus produced gross overestimates o f biomass. Thus,
SRL values were used based on the three size classes to estimate biomass.

RESULTS
Root biomass estimates from root cores indicated a substantial belowground
component in the scrub oak system (Table 13). Jackson et al. (1996) examined forest
root systems and found root biomass values that can range twice the estimates for this
system. The values are, however, higher than most forested systems (Jackson et al.
1996). Mediterranean type ecosystems similar to this one can have between 12% and
83% o f their total biomass allocated to root systems (Hilbert and Canadell 1995). I found
coarse roots and rhizomes to be an important component o f belowground biomass
constituting 46% o f belowground biomass. This persistent belowground component (e.g.
rhizomes) is crucial in the storage o f carbohydrates and nutrients and in resprouting after
disturbance (Hilbert and Canadell 1995).
Initially, SRL and specific root area were calculated and acceptable relationships
were developed for both parameters (Table 14). The lack o f treatment differences in root

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

66

width for this minirhizotron analysis in the ambient and elevated chambers were
justification for the application o f RLD based on reference plots to be used as a surrogate
for biomass response o f the system. The initial SRL calculated for the biomass
conversion was based on a representative assemblage o f both size (0-2 mm width) and
species harvested from soil cores taken in the community (Table 13). SRL increased
from 3.7 m g'1to 4.7 m g '1with increasing depth for roots 0-2 mm diameter. The
increase in SRL observed with increasing depth was not calculated per root, but rather
was an aggregate o f roots per volume soil. The change of SRL with depth was
significantly different (P>0.0001). Biomass estimates were modeled using SRL
calculated in size classes (Table 14). The biomass model generally agreed with the soil
root cores taken from the same reference plots with the model predicting 69% o f the soil
core value. Soil root coring indicated that in the top 60 cm o f soil, 80% o f the fine roots
(<2 mm diameter) were in the upper 30 cm of soil and 20% were in the 30-60 cm layer.
This corresponded fairly well to the minirhizotron biomass predictions, which indicated
that in the top 60 cm 58% of the fine roots (<2 mm diameter) were in the upper 30 cm of
soil and 42% were in the 30-60 cm layer. The model generally underestimated the 0-10
cm soil layer and overestimated the deeper soil layers (Fig. 20). Forward projection of
this model to December 1998 is shown in Table 15. Total fine root biomass predicted by
the model increased 182% by the end o f the study in response to CO2 fertilization.
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TABLE 13. Root biomass estimates (g m'2) for chamberless control plots (N=40) in June
1997.

Depth
Interval
(cm)
0-10
10-20
20-30
30-40
40-50
50-60
Total

Destructive harvest root biomass estimates
Fine roots <2
Total = Rhizomes Rhizomes +
+ Fine Roots
>2 mm roots mm
1610.7(129.1)
794.8 (77.5)
255.3 (28.0)
243.8 (48.6)
316.0 (962)
329.7 (6122)

613.7(88.1)
423.5 (59.0)
93.4 (21.4)
105.9 (432)
194.5 (97.4)
213.5 (54.9)

997.0 (69.6)
371.3 (393)
161.8 (11.8)
137.9 (10.1)
121.5 (8.4)
1162 (92)
1905.7 (963)

Indirect estimates
Fine roots
estimated by
model
I58.I (66.0)
249.9 (100.0)
3583 (110.8)
1122 (31.7)
187.7 (59.0)
259.5 (127.4)
1325.8 (185.4)

TABLE 14. Length and area-mass relationships by depth (SRL in m g*1) in chamberless
control plots.
Depth interval
Root Length (0-2 mm width)
0-10 cm
10-20 cm
20-30 cm
30-40 cm
40-50 cm
50-60 cm
Root Area (0-2 mm width)
0-10
10-20
20-30
30-40
40-50
50-60
Root Length (size classes)
0 -0 2 5 mm
025 -1.0 mm
1.0 —2.0 mm

SRL

Intercept

Slope

R"

N

3.74
4.03
433
4.55
4.00
4.77

-0.4266
-0.0891
-0.0748
-0.0041
-0.0886
-0.1817

0.0055
0.0031
0.0029
0.0041
0.0028
0.0034

0.71
0.44
0.37
0.70
0.45
0.66

40
40
40
40
40
40

-4.5181
-2.7281
-2.1182
-32478
-1.9159
-23855

22579
1.1289
1.1414
1.6392
1.0363
12511

0.66
0.43
037
0.69
0.42
0.66

40
40
40
40
40
40

0.0009
-0.0016
0.0011

0.0591
0.1206
03908

0.83
0.92
0.46

5
5
5

37.4
162
2.41
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FIG. 20. Predicted biomass for the three treatments and actual destructive harvest
biomass (core samples) for the chamberless control sites, June 1997. OX = chamberless
control plots, IX = ambient chambers, and 2X = elevated chambers.

TABLE 15. Fine root biomass and carbon projections (g nT2) for December 1998 using
the minirhizotron model.
Depth
Interval
(cm)

Chamberless
control plots

Ambient
chambers (A)

0-10
10-20
20-30
30-40
40-50
50-60
Total

314.7 (85.9)
640.0 (95.8)
765.7 (181.9)
(923)
3963
380.1 (80.2)
406.2 (311.8)
27613 (278.1)

3583 (52.1)
448.0 (753)
4423 (993)
379.6 (1003)
244.1 (41-1)
2473 (1013)
2070.7 (170.9)

Enriched
chambers (E)

8253 (92.8)
6613 (703)
499.0 (69.0)
546.6 (61.8)
632.5 (62.8)
5593 (83.6)
3734.7 (179.6)

Percent
biomass
response to
elevated CO2
=A /E * 100
230.4
147.7
112.8
144.0
259.1
226.1
180.4
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DISCUSSION
Root biomass estimates based on minirhizotron measurements have been
attempted in both agronomic and natural systems with mixed results (Merrill and
Upchurch 1994). The ability to convert minirhizotron data to biomass is especially
significant in estimating carbon input to the soil in global change experiments. Increases
in fine root biomass of seedlings grown in elevated CO2 have been observed in several
experiments (Norby 1994). However, the fine root component becomes a smaller
proportion o f total belowground biomass as trees mature. The estimation o f root mass
indirectly by root length adds error to the biomass estimates by integrating the error
present in minirhizotron measurement with the error in soil core estimates. Additionally,
calibrating frame volume based on values from one time biomass cores can be questioned
due to the large variability o f root biomass measurements both within years (Stevenson
and Day 1996) and between different growing seasons (Bakker 1999, Burke and Raynal
1994).
A potential problem in basing this conversion on SRL from root cores is that if
SRL estimation is biased and not representative o f an equal size distribution found in
minirhizotron observations then the resulting biomass wifi be too high. The more
realistic conversion using the size class SRL values versus the aggregate 0-2 mm values
was probably due to the bias towards very fine roots observed by minirhizotrons. This,
coupled with fine root loss during the coring process, most likely biased the 0-2 mm
aggregate SRL values towards large diameter roots.
Hendrick and Pregitzer (1993a) observed 80% o f the fine root length o f Acer
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saccharum roots were comprised o f fine roots with a diameter less than 0.5 mm. Some
studies (i.e. Pregitzer et al. 1997) examined SRL as it relates to root order, not to depth m
the root system. Other studies have pooled SRL o f all fine root size classes (<2 mm) and
examined depth differences (Bakker 1999). I initially chose to examine depth differences
in this study, however, the magnitude o f the differences was small and the application o f
those data for biomass conversion resulted in unrealistic biomass estimates.
In Quercus petraea (Bakker 1999) SRL increased with depth to 55 cm with
values increasing from 8 m g '1to 16 m g*1with increasing depth. This pattern was
attributed to the spring peak of root growth. Pregitzer et al. (1997) measured increasing
SRL with decreasing size class from 3.27 mm diameter (SRL = 0.3 m g*1) to 0.2 mm
diameter (SRL= 131 m g*1). Increased SRL with depth was noted during periods o f water
stress by Bakker (1999). The increase in SRL with depth measured in the scrub oak
system suggests the importance o f the deeper soil depths as a source o f water. This
supports Hungate (unpublished), who used deuterium, the stable isotope o f water, to
identify water being extracted from the water table in these trees. The increase in SRL
with depth also has implications for nutrient translocation to lower soil depths in this
system. Pregitzer et al. (1997) examined several species and found nitrogen
concentration increased with increasing SRL.
The large increase (182%) in fine root biomass predicted by the model was high
and probably an overestimate. Coring should be completed at the conclusion of the
experiment to estimate actual biomass. Despite the variability o f the model, the increases
observed in RLD point to increased carbon input into the soil under elevated CO2 and
suggest that roots represent a substantial sink for the rest o f the carbon.
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CHAPTER V
SUMMARY AND CONCLUSIONS

Recent advances in technology have enabled radiocarbon dating o f individual
roots using the pulse o f I4C placed into the atmosphere during aboveground nuclear
testing in the I960rs. These results indicate a discrepancy with minirhizotron turnover
times probably due to a varying assumption o f the percentage o f new root construction,
which is produced by newly fixed carbon. In addition, buried root decomposition
experiments generally show different turnover times than minirhizotron experiments.
Conn and Day (1997) modeled decomposition times (T.oi) between 5 and 18 years for
fine roots on a dune chronosequence; on that same site Weber and Day (1996) estimated
root turnover times o f 3.5% root loss per day. One possible discrepancy between
minirhizotron turnover times and buried root bag decomposition rates is the finest, most
labile roots can be observed in situ but are preferentially lost during harvesting.
Minirhizotron observations have shown fine roots can completely disappear over a period
o f weeks (Hendrick and Pregitzer 1992, Pregitzer et al. 1993).
The rates o f root decomposition (turnover) estimated by minirhizotrons were
much greater than the estimates obtained by the buried bag technique. The rapid
decomposition of fine roots in minirhizotron frames is a common observation (Pregitzer
et al. 1993, Day et al. 1996, Hendrick and Pregitzer 1992). This discrepancy between
methods is probably due to biases contributed by both techniques. The minirhizotron
tube may contribute to altering the soil environment, possibility increasing
decomposition. In addition, disappearance o f a root horn frames may be due to root
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growth (i.e. movement) away from the soil surface and out o f the field o f view.
Conversely, buried bags may be biased toward lower rates o f decomposition due to the
disturbance o f root microflora by the processing o f the roots for bag preparation, the
confining arrangement o f roots within the bags and the lower representation o f the finest
roots in the bags (i.e. smallest roots lost during the root coring process). Overall the
methods o f minirhizotron observation and root decomposition bags appear
complimentary and represent the lower and higher range o f these processes. Their
selections tor the finer and coarser roots within the fine root pool contribute to the
understanding o f all root dynamics within the population o f fine roots.
Root longevity did not differ between treatments over the three growing seasons.
In addition, roots grown under elevated CO2 tended to occur deeper in the soil profile.
This increase occurring over time coupled with the increased residence time found at
these greater depths can lead to greater carbon storage in the system. Belowground
growth is directly linked to aboveground growth and the acceleration o f aboveground
growth could eventually result in aboveground canopy closure and belowground root
closure earlier and alteration o f the bum frequencies o f this fire dependent system. The
continuation o f this growth response after closure is unclear. Total system carbon
balance can be drastically altered by a decrease in the recovery time after fire in this
system. Long term monitoring o f RLD and aboveground production is necessary to
predict the long term carbon contribution or sink of the Florida scrub oak system and if
this increase persists over time. Nutrient conservation mechanisms, if they persist over
time, may enable a greater growth response to elevated CO2 . These root production rates,
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biomass estimates, turnover and decomposition estimates all contribute to the
understanding o f the ecosystem response o f this system to elevated atmospheric CO2 The current study followed the first 33 months o f recovery after fire o f Florida
scrub oak exposed to elevated atmospheric CO2 - This experiment is unique in that it
involves a mixed-species, ecosystem field study done on a forest. Over 33 months, root
growth was greater under elevated COj. The increase in biomass based on RLD and
models o f root mass and length relationships provided an estimate o f increased
belowground carbon sequestration. These results demonstrate the initial response o f CO2
in this system of increased root density and unaltered decomposition rates. Root turnover
was unaffected by elevated atmospheric COiand seasonality was not detected during this
rapid growth period following fire. The spatial pattern o f rooting was unaffected by
elevated CCK. Combined, these results have implications for increased soil carbon
storage under elevated CO2 .
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